A Modified Discrete Wavelet Transform (DWT) and Hybrid image compression methods which use integral transformations are introduced in this paper. Discrete Cosine Transform (DCT) as implemented in the standard JPEG compression and DWT for its useful multiresolution properties are used first. A Modified DWT method with variable thresholds used to discard some coefficients is suggested. A mathematical model consisting of the proposed Hybrid Method that takes advantage of both the DCT and Modified DWT is then introduced. A new approach to truncate transform coefficients is followed in the proposed method to obtain wide range of bit rates in bits per pixel (bpp). The Modified DWT and proposed Hybrid compression methods are compared to the JPEG and JPEG2000 compression standards. The performances of the suggested methods show clear improvement (about 7dB) in Peak Signal-to-Noise Ratio and better Mean Structural Similarity (MSSIM) of the decompressed image (about 22%) compared to the standard JPEG2000 method when operating at the same bit rate.
Introduction
Fourier transform is one of the most important transforms in applied mathematics and other scientific fields such as engineering and computer sciences. The aim of this transform is to transform the mathematical functions that dependent on time variable to functions dependent on frequency variable. This technique has decorrelation property because the frequency domain data are independent. Fourier analysis is used in image processing applications in addition to signal processing [20] . The main drawback of Fourier expansion is absence of localization in time at each active frequency in a given signal. Thus Fourier expansion offers frequency resolution but no time resolution.
Image compression means reducing the size in bytes of a graphic file without degrading the quality of the image to an unacceptable level [10] . Image is compressed for different reasons some of these reasons are to store it in small memory devices, or for storing large images in database for research or experimentation. There are two types of image compression: lossless compression methods usually produce less compression ratio and are not considered in the present work. While lossy compression is widely used and has shown good performance in term of compression ratio. In lossy compression, there is a small loss of quality, but this loss is too little to be seen.
Discrete Cosine Transform is first introduced in 1974 [17] . In 1992, a new image compression method is developed and called Joint Photographic Experts Group (JPEG) that using Discrete Cosine Transform (DCT).
Wavelet transform techniques applied to signal processing first appeared in 1985 by Mallat, after many efforts to understand its role in multiresolution analysis [8] . Ingrid Daubechy used Mallat's work to build wavelet orthonormal basis functions that are cornerstone of wavelet applications today [12] . In 1991, Myung-Sin Song used wavelet in the field of image compression application and observed how wavelet is implemented to compress an image. She also introduced how wavelet's mathematical aspects affect the compression process and its results [21] . The JPEG committee in 1996 investigated the possibilities for a new compression standard using wavelet transform that was subsequently named JPEG2000 [15] .
Since 2000 many efforts have been introduced to use Hybrid compression methods ( [1] , [2] , [3] , [4] , [5] , [6] , [16] , [18] , [19] ). Improved performance has been shown by these methods in term of compression ratio with reasonable peak-signal -to-noise ratio (PSNR). Others concentrated on obtaining low bit rate. The main and common drawback of the most pervious works on hybrid methods is the absence of using similarity measure that compares the input image and the decompressed one. Such performance measure is very important when dealing with high quality image applications.
Daubechy Db6 is used in DWT as well as in a hybrid scheme to combine DWT with DCT in the present work. The aim here is to propose methods that improve the performance of the present compression methods based on DCT and
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DWT while keeping the mean structural similarity (MSSIM) at an acceptable level.
The paper is organized as follows; in Section 2 the main compression methods used are introduced together with Modified DWT and Hybrid proposed method. Simulation results are given in section 3 while in section 4 the main concluding remarks are mentioned.
Compression methods
This section introduces the DCT based and DWT compression methods first. Then the proposed Modified DWT and the Hybrid Methods are presented.
2.1
Discrete cosine transform DCT is a lossy image compression method which represents image into a finite sequence of a sum of cosines functions [14] . The DCT is the most popular technique for image compression applications. This is due to its near optimal performance compared to the statistically optimal Karhunen-Loeve Transform [13] . The 2D-DCT algorithm divides the entire image into N blocks of size 8x8 pixels. The two-dimensional DCT can be viewed as a joint processing of two 1D-DCT along each dimension. The formula of 2D-DCT is;
for 0 ≤ , ≤ − 1 while the formula of inverse 2D-DCT is
for 0 ≤ , ≤ − 1 , where can be evaluated by the following equation;
and ( , ) is the pixel value of the image element ( , ) of the corresponding input matrix with dimension N×N [11] . In JPEG compression method a standard 8 × 8 quantization matrix Q is used to multiply the resultant coefficient matrix. The Q matrix considered here is one used in the standard JPEG compression algorithm [6] . A quantization parameter qp is also used to multiply the Q matrix before the quantization process. Different values of q p may be used to demonstrate the variation of bit rate with image quality.
2.2
Discrete Wavelet Transform DWT is used to minimize the size of images without degrading much of the resolution. In this transformation, image is represented in both dimensions (time and frequency) [18] . The basic idea of wavelet transform is to represent an image as a sum of wavelets or basis functions. Assuming an image with dimension of N×M pixels, the 2D-DWT algorithm using 2-level will divide the image into 7 sub-images as shown in Figure 1 . This is performed by using the following equations [7] ;
where
for = { , , } ( , ) is the pixel value of the image. 0 is a starting scale, the coefficients ( 0 , , ) define an approximation of ( , ). The ( , , ) are the coefficients of horizontal, vertical, and diagonal (H, V, D) details for scales > 0 . The 2D-IDWT is given by [7] ( , ) = 
The use of both DCT and DWT to represent the image will result in sets of transform coefficients. The traditional approach to compress the transformed images is to truncate the coefficients by setting the relatively small coefficients to zeros compared to fixed threshold. In DWT the truncated coefficients usually belong to high frequency sub-images depending on the given image and the family of the wavelet used. The wavelet family used in this paper is Daubechies wavelet having order 6 (Db6) with 2-level.
The Proposed methods
The Modified DWT
In this method a 2-level 2D Db6 type of DWT was used in the decomposition as described previously to compress a grayscale image. Instead of setting fixed threshold to all sub-images, a threshold in the Modified DWT method is defined for each sub-image (LL2, LH2, HL2, HH2, LH1, HL1, HH1). is determined by:
= .
where is the range of the coefficients in the ℎ sub-image determined by:
where and are the values of maximum and minimum wavelet coefficients in the sub-image, and is a scaling factor used for given sub-image so that a compromise between bit rate and quality (PSNR and MSSIM) is obtained for the decompressed image. Table 1 shows the values of Si used for the images considered in the work. It is clear that the set of {Si} used for each image is different.
The Hybrid method
In the proposed Hybrid Method, 2-level 2D-DWT using Db6 is applied first and followed by DCT compression. The only considered sub-image after DWT decomposition is the LL2 sub-image. The coefficients of LL2 sub-image is passed through threshold test to discard coefficients that have values below the threshold T1. The value of T1 is determined by using similar approach followed in Modified DWT method using Eqs. (9 and 10) for LL2 sub-image only. The DCT is then applied as in the standard JPEG compression method described early in subSection-2.1. Table 2 shows the values of the scaling factor S to determine the best threshold T1 used by DWT and the best quantization parameter used by DCT for the test images considered in the work. 
Simulation test and results
Simulation tests are used to evaluate the performance of Modified DWT and the Hybrid Method. These are implemented as described in Section-2. Four different 512x512 gray scale images are used to apply the above methods. These images are Barbara, Lena, Baboon, and Peppers images. They are standard images used for compression tests. The tests are carried out and run using Matlab. Before evaluating the performance of each method, extensive simulation tests are performed to find the best selection of the values for {Si} in Modified DWT method and the best values of S and q p for the Hybrid Method.
The performance of the proposed schemes is usually characterized using the following metrics; the Peak Signal-to-Noise-Ratio (PSNR) and the Mean Structural Similarity Index (MSSIM) [22] . The PSNR is given by [17] = 10. Log 10 (
where MSE is the mean square error in the recovered image after decompression given by: (12) where and ^ are the pixel value in the original and the recovered images respectively.
The MSSIM based approach shows the similarity between two images, using statistics of both images. The images are divided into N windows. Each window is denoted by x or y originated from the original images X or Y, respectively. The SSIM for each window is defined by [22] ( , ) = (2 + 1 )(2 + 2 )
The mean SSIM (MSSIM) is then calculated by:
where L is the peak pixel value (255 for 8-bit images). C1 and C2 are small positive constants, and K1 = 0.01 and K2 = 0.03 as in [22] . The quantities and 2 be the mean and variance of the window sub-images belonging to or image given by: (18) where and are the image contents at the j-th local window; and N is the number of windows in the image.
As a direct indication to the compression performance the term Bit Rate is used as an indication to the achieved compression ratio [17] .
In each test the resultant Bit Rate, PSNR, and MSSIM are calculated. The results for Modified DWT and Hybrid Method are shown in Tables 3 and 4 , respectively. Table 3 shows that the proposed Modified DWT performs better than the standard JPEG2000 method in terms of PSNR and MSSIM for all images tested here when operating at approximately the same Bit Rate. The improvements in PSNR are ranging from about 1dB (Baboon image) to 3.75 dB (Peppers image). The maximum improvement in MSSIM is about 15%. Figure 2 shows sample of the reconstructed image using the proposed Modified DWT method compared to the standard JPEG2000. Table 4 shows that the proposed Hybrid Method performs better than the standard JPEG2000 method in terms of PSNR and MSSIM for all images tested here when operating at the same Bit Rate. The improvements in PSNR are ranging from about 0.83dB (Peppers image) to 7.13dB (Barbara image). The improvement in MSSIM is clear and takes values from about 3% (Peppers image) to 22% (Baboon image). Figure  3 shows sample of the reconstructed image using the proposed Hybrid Method comparing to the standard JPEG and JPEG2000. 
Conclusions
In this paper, two methods are proposed for image compression based on integral transform techniques. The first method is direct modification of DWT method, where variable threshold is introduced to truncate the coefficients. A Hybrid Method is also proposed by combining both the DWT and DCT in order to improve the compression performance. Peak Signal-to Noise-Rati (PSNR), Bit Rate, and Mean Structural Similarity (MSSIM) are measured for the proposed two methods together with the JPEG and JPEG2000 standard methods when operating on standard images. The results show that both the Modified DWT and the Hybrid Method perform better than the standard JPEG and JPEG2000 methods in terms of PSNR and MSSIM when operating at approximately the same Bit Rate. Under favorite condition improvement of about 7dB is achieved in PSNR and a maximum improvement in MSSIM is 22%. 
